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Abstract: Joule-heating reactors have the higher energy efficiency and product selectivity compared
with the reactors based on radiative heating. Current Joule-heating reactors are constructed with
electrically-conductive metals or carbon materials, and therefore suffer from stability issue due to the
presence of corrosive or oxidizing gases during high-temperature reactions. In this study, chemicallystable and electrically-conductive (La0.80Sr0.20)0.95FeO3 (LSF)/Gd0.1Ce0.9O2 (GDC) ceramics have been
used to construct Joule-heating reactors for the first time. Taking the advantage of the resistance
decrease of the ceramic reactors with temperature increase, the ceramic reactors heated under current
control mode achieved the automatic adjustment of heating to stabilize reactor temperatures. In
addition, the electrical resistance of LSF/GDC reactors can be tuned by the content of the highconductive LSF in composite ceramics and ceramic density via sintering temperature, which offers
flexibility to control reactor temperatures. The ceramic reactors with dendritic channels (less than 100
µm in diameter) showed the catalytic activity for CO oxidation, which was further improved by
coating efficient MnO2 nanocatalyst on reactor channel wall. The Joule-heating ceramic reactors
achieved complete CO oxidation at a low temperature of 165 ℃. Therefore, robust ceramic reactors
have successfully demonstrated effective Joule heating for CO oxidation, which are potentially
applied in other high-temperature catalytic reactions.
Keywords: Joule heating; ceramic reactor; microchannel reactor; temperature control; CO oxidation

1

Introduction

Many catalytic reactions are conducted at high temperatures
to accelerate reaction kinetics, and even heat input is
required to meet the enthalpy demand of reactions,
such as endothermal dry and steam reforming of methane.
Accordingly, heating reactor plays an important role in
* Corresponding authors.
E-mail: Y. Ling, lyhyy@cumt.edu.cn;
D. Dong, mse_dongdh@ujn.edu.cn

achieving fast reaction rates and high energy efficiencies.
Conventional reactors are based on radiative heating
by electrical furnaces in laboratories or through fuel
combustion in industries [1], and include heat transfer
process and complicate system with large volumes,
leading to large temperature gradient within reactors
[2,3]. It needs to be maintained at high temperatures
while reactors only occupy a small volume ratio in the
system [4,5], which greatly reduces system energy
efficiency. Some studies have demonstrated Joule-heating
reactors constructed by electrically-conductive catalysts
or catalyst supports [6]. When current passes through
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the reactors, heat is generated to warm catalysts directly
[7]. Compared with the indirect radiative heating, the
Joule heating can achieve the higher energy efficiencies
owing to the reduced reactor sizes (potentially reduced
to 100 times smaller than conventional reactors) and
the elimination of heat transfer process [8]. Reactions
occur on the hot surface of catalysts [9]. As a result, side
reactions within conventional reactors can be avoided
in Joule-heating reactors because high-temperature
region is limited near catalyst surface. Therefore, high
product selectivity can be achieved over Joule-heating
reactors.
Currently, there are two types of Joule-heating rectors:
metal-based reactors and carbon-based reactors [10–12].
Catalytic metal foam or mesh was used to build
reactors to investigate reaction mechanism or perform
reactions [13,14]. Resistive FeCrAl alloy was coated
with a catalytic layer for dry and steam reforming of
methane and the removal of CO and toluene in air
[3,8,15]. Electrically-conductive carbon-based materials
were employed as catalyst supports, which was heated
up by current to reach reaction temperatures. Carbon
cloth-supported MnO2 catalyst for formaldehyde removal
was regenerated by Joule heating [16]. Qiao et al. [2]
fabricated graphene oxide reactor using 3D printing,
and it can reach temperature up to ~3000 K at a ramp
rate of ~104 K·s−1 for synthesizing Ru nanoparticles
supported on carbon. Both types of Joule-heating reactors
have limitations in practical applications. Metals are
readily oxidized by oxidant gases or corroded by acidic
gases during high-temperature reactions. Additionally,
metal reactors provide limited active surface. Carbonbased reactors can provide high surface area while the
reactors cannot be used in the presence of oxidants due
to the risk of carbon oxidation. Therefore, chemicallystable materials are highly desired for building Jouleheating reactors.
Ceramics are well-known for high chemical stability
at high temperatures and widely used as catalyst supports
or reactors, such as honeycomb ceramics and ceramic
microchannel reactors [17,18]. Some functional ceramics
have certain electrical conductivity. For example,
perovskite ceramics have been employed as the electrodes
of solid oxide cells utilizing their electrical conductivity
and catalytic activity, which are operated at 600–800 ℃
[19,20]. CeO2-based fluorite ceramics have low electrical
conductivity, and show good chemical compatibility
with perovskite ceramics, which provides the possibility
to tune the electrical conductivity of perovskite/fluorite

composite ceramics [21]. In addition, the internal surface
of ceramic reactors can be varied through ceramic
fabrication processes. This study, for the first time,
proposed robust ceramic reactors based on Joule heating.
Our group has developed ZrO2 microchannel reactors
with channel sizes less than 100 µm, which were fabricated
by a mesh-assisted phase-inversion process [22]. In this
study, the process was used to prepare (La0.80Sr0.20)0.95FeO3
(LSF)/Gd0.1Ce0.9O2 (GDC) microchannel reactors with
LSF as an electrically-conductive phase [23], and the
electrical resistance of the ceramic reactors was tuned
by LSF/GDC ratio as well as sintering temperature, so
that the heating ramp can be controlled to reach the
destination temperature of the ceramic reactors. LSF/
GDC microchannel reactors based on Joule heating
demonstrated high catalytic performance for CO
oxidation, which requests quick response in the treatment
of automobile exhaust.

2
2. 1

Materials and methods
Fabrication of ceramic membrane reactors

Microchannelled ceramic membranes were prepared
by phase-inversion and subsequent sintering processes
[24], as reported in our previous study [25]. Firstly,
polyethersulfone (PESF, Radel-300) was dissolved in
N-methy1-2-pyrrolidone (NMP, 99%, Shanghai Macklin
Biochemical, China) with a weight ratio of 15%. Then,
57.8 g of LSF (Fuelcell Materials, USA) and GDC (Fuelcell
Materials, USA) powders were dispersed in 23.4 g of
the above solution, and 0.43 g of polyvinylpyrrolidone
(PVP, Mw = 40,000, Shanghai Macklin Biochemical,
China) was added as a dispersant. The homogenous
slurry was formed after ball-milling for 48 h with a
planetary ball mill machine (Kejing, China). The LSF
contents in LSF/GDC mixture were set as 20, 30, and
40 wt%. The slurry was degassed by a vacuum pump
before casting into a stainless steel mould, and then
coagulant (water) was applied on the top of slurry to
conduct phase-inversion for 1 h. Ceramic green bodies
were dried overnight in an oven set as 55 ℃. Ceramic
membrane reactors with a thickness of about 1 mm and
a diameter of about 10 mm were formed after sintering
at 1200, 1250, and 1300 ℃. Silver past was painted on
two sides of the ceramic membrane, and silver wires
with a diameter of 0.3 mm were attached to the two
sides. After sintering at 350 ℃ for 30 min, porous silver
layers on both sides were formed to collect current.
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Catalyst coating and characterization

To improve the catalytic activity of the ceramic reactors
for CO oxidation, MnO2 catalytic washcoat was deposited
on channel wall surface by an impregnation process
[26–28]. 1.42 g of MnC4H6O4·4H2O (> 99%, AR, Shanghai
Macklin Biochemical Co., Ltd., China) was dissolved
in 8.58 g of deionized water by magnetic stirring. The
catalyst precursor solution was filled into the channels
of the ceramic membranes, and the excessive solution
was blown off by compressed air. The catalyst precursor
was turned into a nanocatalyst layer after calcination at
500 ℃ for 2 h. The microstructure of ceramic reactors
and catalyst layer was observed with a scanning electron
microscope (SEM; Phenom, ProX, the Netherlands).
The porosity and pore size distribution of ceramic
reactors were measured by a mercury intrusion porosimeter
(AutoPore IV 9500, Micrometrics).
2. 3

Catalytic performance test

The ceramic reactors were fixed on one end of an alumina
tube by ceramabond (552-VFG, Aremco Products Inc.,
USA), and a K-type thermocouple touched the reactor
surface to monitor reactor temperature on gas-feeding
side. The alumina tube with the reactor was inserted
into a large alumina tube with one end closed to collect
effluent gas. The assembled device was wrapped with
insulation wool to reduce heat loss. Silver wires were
connected to a direct current (DC) power supply device
(PLD-6005, NanJing HuiHeng Scientific Instrument
Co., Ltd., China), and current was applied on the ceramic
membrane to heat the reactors. As shown in Fig. 1, a
gas mixture of 1 vol% CO, 20 vol% O2, and 79 vol%
Ar was fed into the channelled reactor at a flow rate of

Fig. 1 Schematic representation of catalytic CO oxidation
over the channels of ceramic reactor based on Joule heating.

50 mL/min to conduct CO oxidation, and then the effluent
gas mixture was analyzed by the gas chromatograph
(GC, GC-2014, Shimadzu, Japan). CO conversion was
calculated according to Eq. (1):
COin  COout
CO conversion =
(1)
COin

3
3. 1

Results and discussion
Controlling reactor temperature

Reactors are required to maintain at a certain temperature
to accelerate and stabilize reactions. The temperature
of the reactor heated by furnaces is normally controlled
by a PID controller through comparing the reactor
temperature and setting temperature. Power is applied
on heating elements when the reactor temperature is
lower than the setting temperature, until reaching the
setting temperature. The communication issue between
thermal couple and the PID controller can cause
overheating. In contrast, the temperature of the reactor
based on Joule heating is controlled directly by applied
current or potential according to Joule’s Law:

U2
t  I 2 Rt
(2)
R
As the ohmic resistance of perovskite ceramics used in
this study decreases with temperature, two control modes
would perform differently. Under current control, heat
generation decreases with the increase of reactor
temperature so that reactor can be stable at a certain
temperature, which is determined by the applied current.
Figure 2(a) shows that the reactor was heated at different
currents, and the reactor temperature was rapidly increased
initially and stabilized at different temperatures, which
increases with the applied current. It took only 5 min to
reach 83.7, 108.7, 135.2, and 201.2 ℃ at the applied
currents of 0.5, 1.0, 1.5, and 2.0 A, respectively. Moreover,
the current control can automatically adjust heating to
prevent overheating and cooling reactor due to external
interferences, such as suddenly changing gas flow rate.
As gas was added without pre-heating, gas took heat
away when passing through reactors. Therefore, gas
flow affected the reactor temperature. As shown in Fig.
2(b), without feeding gas, the reactor heated at 1.0 A
showed a temperature about 113.4 ℃. Introducing Ar
at a flow rate of 50 mL/min caused the sudden decrease
of reactor temperature, which consequently increased
reactor resistance. According to Joule’s Law, the increased
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Fig. 2 Temperature profiles of the reactor based on Joule heating under current control at (a) different currents and (b) 1.0 A
with changing gas flow rate.

amount of heat was generated, resulting in the increase
of reactor temperature. Then, the reactor temperature
stabilized at 114.7 ℃. The reactor temperature can also
be automatically adjusted to about 115.1 ℃ after
further increasing gas flow rate to 100 and 200 mL/min
subsequently. When the gas flow rate was decreased
back to 50 mL/min, the reactor temperature was decreased
to the initial temperature of 114.7 ℃. Overall, the reactor
temperature stabilized at a small range of 113.4–115.1 ℃
at gas flow rates from 0 to 200 mL/min, which confirms
that the reactor temperature is under current control.
Therefore, the current control mode not only readily
controls reactor temperature but also automatically adjusts
reactor temperature in the case of external interferences.
However, potential control mode causes the continuous
heating or cooling. As shown in Fig. 3, the reactor heated
at 1.0 A showed stable temperature, and the reactor
temperature was drastically increased when switching
to potential control mode at 1.8 V. The temperature

Fig. 3 Temperature profile of Joule-heating reactor under
different control modes.

increase caused the increase of current due to the
decreased reactor resistance, reaching to a device limit
of 5.5 A. Then, the reactor was switched to current
control mode at 1.0 A, and the reactor temperature was
stabilized within about 150 s. When the reactor heating
was switched to potential control mode at 1.7 V, the
reactor temperature was continuously decreased within
800 s. Under the potential control, the reactors are
continuously heated or cooled according to Joule’s Law
and the change of ceramic resistance with temperature.
In contrast, current control mode enables automatically
adjusting heating to stabilize reactor temperature.
Therefore, the ceramic reactor based on Joule heating
can precisely control the reactor temperature under
current control.
3. 2

Effect of ceramic composition

Joule’s Law shows that reactor resistance greatly affects
heat generation, which offers a flexible way to control
the reactor temperature by tuning reactor resistance. In
this study, ceramic reactors were made with two types
of ceramics: high-conductive LSF and low-conductive
GDC with electrical conductivities of ~100 and 1.0×
10−5 S/cm [29,30], respectively. Accordingly, reactor
resistance can be tuned through varying LSF contents
in the composite ceramics. The LSF contents were set
as 20, 30, and 40 wt%. The SEM images of the ceramic
reactors sintered at 1250 ℃ are shown in Fig. 4. The
ceramic reactors have a dendritic channel structure,
with channels (less than 100 µm) gradually spitting
into small channels from one side to the other side of
the ceramic membranes [22]. As the LSF content was
increased, channel wall became dense because LSF has
the higher sinterability than GDC. The porous structure
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Fig. 4 Cross-sectional SEM images of ceramic reactors and channel wall with different LSF contents: (a, d) 20 wt%, (b, e) 30
wt%, and (c, f) 40 wt%.

also affects the electrical conductivity of ceramic reactors
as electrons transfer faster in the denser structure.
As shown in Fig. 5, the LSF content greatly affects
the reactor temperature via reactor resistance, which is
calculated according to Ohm’s Law. The reactor temperature
increases with the applied current while at different
rates. The reactor with 20 wt% LSF shows the fastest
increasing rate due to the highest resistance, and it is
because the reactor with the lowest LSF content shows
the least dense structure of channel wall. The reactor
was heated up to 250 ℃, which reached the maximum
power output (300 W) of the DC power supply device.
Figure 5(b) shows that reactor resistance decreases
with temperature, which has more influence on the
ceramic reactor with the less LSF content. As the

reactor temperature was increased, the temperature
showed less influence on reactor resistance.
3. 3

Effect of sintering temperature

The above study mentioned that ceramic wall density
potentially affects reactor resistance, and the wall density
can be readily tuned by sintering temperature [31].
Accordingly, ceramic reactor resistance can be adjusted
by sintering temperature. As sintering temperature was
increased, channel wall became dense while channel
structure was retained, as shown in Fig. 6.
As shown in Fig. 7, the reactor sintered at 1200 ℃
could not be heated up from room temperature due to
large resistance (~400 Ω), which results in small

Fig. 5 (a) Reactor temperature changing with applied current and (b) reactor resistance changing with reactor temperature at
different LSF contents.
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Fig. 6 Effect of sintering temperature on the microstructures of the reactor with the LSF content of 20 wt%: (a, d) 1200 ℃, (b,
e) 1250 ℃, and (c, f) 1300 ℃. (a–c) Reactor channel structure and (d–f) channel wall structure.

Fig. 7 (a) Reactor temperature changing with the applied current and (b) ceramic reactor resistance changing with the reactor
temperature at different reactor sintering temperatures.

currents generated within the potential limit (64 V) of
the power supply device. Reactor resistance was reduced
by heating the reactor with an electrical furnace to 290 ℃.
Then, current could heat up the reactor. The reactors
sintered at 1250 and 1300 ℃ could be heated up from
room temperature (18 ℃) by applying current, and the
reactor sintered at 1250 ℃ was heated up more rapidly
because of the higher resistance. Therefore, the resistance
of ceramic reactor can be adjusted through sintering
temperature so as to tune the Joule heating.
3. 4

Catalytic reaction performance

According to the above studies, ceramic reactors with
20 wt% LSF sintered at 1250 ℃ were employed to

perform CO oxidation. The ceramic reactor with a
porosity of 49.4% shows two ranges of pore size: large
channels of about 100 µm and small pores (about 0.2
µm) within channel wall, as shown in Fig. 8. Although
perovskite LSF and fluorite GDC demonstrated certain
catalytic activity during reaction, MnO2 nanocatalyst
was coated over channel wall by an impregnation
process to improve the catalytic performance. Catalyst
coating was optimized through repeating the impregnation
process. As shown in Fig. 9, repeating impregnation
deposited more MnO2 catalyst particles, and formed
uniform nanoparticle coating after infiltration for 3
times. Further coating caused catalyst coating cracking
due to particle aggregation.
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respectively. Further repeating the coating process has
no effect on the catalytic performance according to the
comparison of the reactors with catalyst coating for 3
and 4 times. It is because the coating process caused
catalyst aggregation, as discussed above. Therefore,
with suitable catalyst coating over the ceramic reactor
wall, the ceramic reactor based on Joule heating can
substantially reduce the temperature of CO oxidation.
The durability of CO oxidation reaction over the
reactor was conducted at 180 ℃ under Joule heating
for 50 h. As shown in Fig. 10(b), CO conversion decreased
initially and became stable at the end of the test.
Fig. 8 Pore size distribution of the ceramic reactors with
20 wt% LSF sintered at 1250 ℃.

Fig. 9 SEM images of MnO2 catalyst coating over
channel wall after infiltration for (a) 1, (b) 2, (c) 3, and (d)
4 times.

The catalytic performance of the Joule-heating reactors
was tested in CO oxidation, and the effect of MnO2
catalyst on CO oxidation is shown in Fig. 10. As LSF/
GDC ceramic has catalytic activity owing to oxygen
storage and electrical conductivity, the reactor without
catalyst coating demonstrated the complete CO
oxidation at 260 ℃. After coating MnO2 catalyst over
reactor channel wall for one time, the reactor showed
no improvement in the catalytic performance due to
the small amount of catalyst and the intrinsic catalytic
activity of the composite ceramic. Repeating the
coating process for 2 and 3 times reduced the
temperature of complete CO oxidation to 210 and 165 ℃,

Fig. 10 (a) CO conversion over the Joule-heating ceramic
reactors without (Coating 0) and with MnO2 catalyst
coating for 1–4 times (Coatings 1–4). (b) CO conversion
over the reactor with MnO2 catalyst coating for 3 times at
180 ℃ during 50-h test.

4

Conclusions

This study has successfully demonstrated robust ceramic
reactors based on Joule heating, which are chemically
stable at high reaction temperatures in contrast to metaland carbon-based reactors. Ceramic reactor resistance
decreases with temperature, and hence the ceramic
reactors under current control can automatically adjust
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heating to prevent overheating or cooling reactors
according to Joule’s Law. The ceramic reactors were
made from high-conductive LSF and low-conductive
GDC so that reactor resistance can be readily adjusted
by the weight ratio of LSF and GDC as well as ceramic
density via sintering temperature. The ceramic reactors
prepared by phase-inversion process have dendritic
channel structures with channel sizes less than 100 µm,
which enables coating catalyst to improve the catalytic
performance though ceramic reactors itself have
certain catalytic activity for CO oxidation. The ceramic
reactors based on Joule heating showed a low complete
CO oxidation temperature of 165 ℃. Therefore, the
robust ceramic reactors based on Joule heating are
promising for conducting high-temperature catalytic
reactions with high energy efficiencies.
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